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Abstract

The nucleus paragigantocellularis (PGi) has been proposed to play a role in opiate dependence/
withdrawal. In the present study, we examined the discharge activity of PGi neurons before and after
the development of morphine tolerance/dependence in rats. A multi-wire electrode was chronically
implanted in the PGi, which allowed us to monitor the effects of both acute and chronic morphine
treatments on the activity of PGi neurons recorded from the same site. We found that acute morphine
excited, inhibited or had no effect on 36%, 35% or 29% of PGi neurons (N=556), respectively. After
3 days of continuous morphine infusion, which led to morphine tolerance/dependence, the firing
rates of both excitatory and inhibitory PGi neurons returned to pre-morphine treatment levels,
indicating that the PGi neurons developed tolerance to both excitatory and inhibitory effects of
morphine. Naltrexone-precipitated withdrawal from chronic morphine treatment also induced
heterogeneous responses in the PGi. On a site-by-site basis, most of the sites that showed excitatory
response to acute morphine exhibited inhibitory response during withdrawal, and all the sites that
showed inhibitory response to acute morphine exhibited excitatory response during withdrawal.
Correlation analysis further quantitatively showed that PGi neurons’ responses to acute morphine
and that during withdrawal were inversely correlated with a correlation coefficient of 0.73, suggesting
that adaptations in the PGi during the development of morphine dependence share common neural
mechanisms with the acute effect of morphine. These results provide new insights into the role of
the PGi in the development of morphine tolerance/dependence.
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1. Introduction

2. Material

2.1. Animals

Opiate drugs, such as morphine, are widely used in clinical management of pain. However,
chronic use of opiate drugs leads to the development of tolerance and dependence that limit
their therapeutic usefulness and contributes to a serious social and health problem. Extensive
research has been conducted to identify the neural structures and neural mechanisms underlying
this undesired process. Several lines of evidence suggest that the nucleus paragigantocellularis
(PGi), which is located in the rostral ventral medulla, is involved in the opiate physical
dependence and withdrawal symptoms. First, the PGi provides the major excitatory amino acid
input to the noradrenergic locus coeruleus (LC) (Aston-Jones et al., 1986; Ennis and Aston-
Jones, 1988; Ennis etal., 1992), which is awell-known structure involved in opiate dependence
and withdrawal (for review see Nestler, 1992). During morphine withdrawal, there is an
increase in gluatamate release in the LC (Aghajanian et al., 1994; Zhang et al., 1994), which
is believed to contribute to the withdrawal-induced hyperactivity of LC neurons. Lesions of
the PGi or administration of glutamate antagonists attenuated the withdrawal-induced
hyperactivity of LC neurons (Rasmussen and Aghajanian, 1989; Akaoka and Aston-Jones,
1991; Rasmussen et al., 1996). Second, chronic morphine induces c-Fos expression in the PGi
(Beckmannetal., 1995; Stornettaetal., 1993; Johnson etal., 2002). Third, in conscious, opioid-
naive rats, local electrical stimulation of the PGi yields a series of behaviors that are similar to
those seen during opioid antagonist-precipitated withdrawal (Liu et al., 1999). Although these
studies established the role of PGi in the morphine dependence, the underlying mechanisms
remain unknown. The goal of the present study was to elucidate the mechanisms by examining
the PGi discharge activity during the development of morphine tolerance and dependence.

Several studies suggest that the responses of PGi neurons to morphine are heterogeneous
(Satoh et al., 1979; Azami et al., 1981; Baraban et al., 1995; Haghparast et al., 1998; Saiepour
etal., 2001). Since the earlier neurophysiological studies employed acute recording model, the
responses of PGi neurons to acute and chronic morphine treatment had to be studied in different
animals (Haghparast et al., 1998; Saiepour et al., 2001). Thus, these studies were unable to
identify the adaptive changes of each type of PGi neurons during the development of opiate
tolerance/dependence. In the present study, a multi-wire electrode was chronically implanted
on each animal so that we were able to monitor the discharge activities of the PGi neurons
recorded by the same single wire before and after the induction of morphine tolerance/
dependence. The chronically implanted rat model provided us the capacity that is essential to
study the heterogeneous PGi neurons’ activity during the development of morphine tolerance/
dependence. Furthermore, unlike previous studies that employed single electrodes that can
only record one neuron from each animal, the multi-wire electrode recording method allows
us to sample a large population of PGi neurons and also allows us study the temporal
relationship among the discharge activities of PGi neurons. The model provided new insights
into the role of PGi in morphine tolerance/dependence.

and methods

and surgeries

All procedures were approved by the Institutional Animal Care and Use Committee at
University of Mississippi Medical Center. Adult male Sprague-Dawley rats (300—400 grams)
were used in this study. Aseptic techniques were employed during all surgical procedures. Each
rat was anesthetized by sodium pentobarbital (50 mg/kg, i.p.) and fixed in a stereotaxic frame
(David Kopf Instruments, Tujunga, CA). The skull was exposed, and the head was oriented to
place two skull landmarks, bregma and lamda, at the same horizontal level. Small holes were
drilled in the skull at coordinates overlying the PGi (12.0 mm posterior to bregma, 1.5 mm
lateral to midline) and lateral cerebral ventricle (0.5 mm posterior to bregma, 1.3 mm lateral
to midline). The coordinates were estimated from the rat brain atlas of Paxinos and Watson
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(1998). An eight-wire electrode bundle (NB LABS, Dennison, TX) was then advanced into
the PGi (8.8 mm depth). A 23-gauge guide cannula (Plastic One, Inc., Roanoke VA, USA) was
implanted into the lateral ventricle (4.5 mm below the dura) for intracerebroventricular (i.c.v.)
drug injection. The presence of cerebrospinal fluid in the guide cannula was examined as
verification of proper placement. A stylet was placed into the guide cannula to ensure that the
cannula would remain patent during the post-surgical recovery period. The microwire bundle
and guide cannula were secured in place with 4 stainless steel screws trepanned through the
skull and adhered with dental acrylic (Lang Dental MFG Co., Wheeling, IL). In some rats, a
PE-50 catheter was implanted into femoral vein for intravenous (i.v.) drug injection. Housed
individually, animals were allowed at least a week to recover from the surgeries.

2.2. Induction of morphine tolerance and dependence

Morphine tolerance/dependence was induced by continuous i.c.v. infusion with morphine
sulfate (26 nmol/pl/hr, Sigma-Aldrich Inc., St. Louis, MO) for 3 days through an osmotic
minipump (Alzet 2001, Alza, Palo Alto, CA). Both the infusion period and dose paradigm have
been well documented by previous studies to produce robust physical dependence and tolerance
(Horan and Ho, 1991; Feng et al., 1994; Zhu and Ho, 1998). The control group received equal
volume of saline vehicle infusion (1 pl/hr). Before induction into the pump, the solutions were
passed through 0.2 mm sterile Acrodisk filters (Gelman Science, Ann Arbor, MI). The
minipumps were primed overnight at 35 °C in sterile saline so that the nominal flow rate (1 pl/
hr) was attained. Under halothane anesthesia, osmotic minipumps were implanted
subcutaneously between the scapulae. A 4-cm piece of Tygon tubing (0.38 mm inner diameter,
Cole-Palmer, Chicago, IL) was used to connect the outlet of the minipump to an internal
cannula that was placed into the i.c.v. guide cannula.

2.3. Electrophysiological recordings

PGi neuronal activities were recorded under halothane anesthesia (1.25%, mixed with oxygen)
as described before (Zhu and Zhou, 2001). Body temperature was maintained at 37°C with a
heating pad. Online isolation and discrimination of PGi neuronal activity was accomplished
using a commercial multi-channel neuronal acquisition processor (MNAP system, Plexon Inc.,
Dallas, TX, USA) that allows one to monitor groups (up to 4 neurons per wire) of neurons
simultaneously. Identifying different neurons on a single wire was accomplished by real-time
discrimination of individual waveforms using template analysis procedures provided by the
MNAP system. To ensure that neurons recorded by different wires were distinct, we compared
the shape of their waveforms, firing rates, and patterns (e.g. interspike interval histograms)
before further analysis.

2.4. Histology

To check the location of electrodes, at the end of recording, a current (20 A, 10 s) was passed
through a selected wire to create lesions. Three days after the lesion, rats were sacrificed with
overdose of pentobarbital, and their brains were removed and fixed in phosphate-buffered
paraformaldehyde. Brains were then frozen in liquid nitrogen and 45-pum coronal sections were
cut in a cryostat and mounted on glass slides. The sections were stained with cresyl violet and
examined under light microscope. The locations of gliosis were plotted onto drawings of the
sections using a microprojector.

2.5. Experimental procedures

One group of rats was used for determination of the effects of a single dose of morphine on
PGi neuronal activity only. The rats received a single dose of morphine through either i.c.v.
(26 nmol, 5ul) or i.v. (2.5 mg/kg) route. The dosages have been shown to produce significant
analgesia effects in previous studies (Feng et al., 1994; Dickenson et al., 1979). To test the
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involvement of opioid receptors, opioid antagonist naltrexone (50 nmol, i.c.v. or 5 mg/kg, i.v.)
or saline vehicle was applied about 20 min after morphine injection. The spontaneous activities
of PGi neurons were recorded under halothane anesthesia before and after the drug injections.

Another set of rats received both acute and chronic morphine treatment. Before the induction
of morphine tolerance/dependence, the rats were challenged with a single dose of morphine

(26 nmol, 5ul, i.c.v.). Then, the rats received continuous morphine infusion for 3 days to induce
tolerance and physical dependence. The control group received equal volume of saline infusion.
On day 4, after termination of the infusions, the morphine-dependent rats were challenged with
opioid antagonist naltrexone (50 nmol, i.c.v.) to precipitate withdrawal. The responses of PGi
neurons to acute and chronic morphine treatment were recorded under halothane anesthesia.

2.6. Data analysis

3. Results

Mean firing rates, auto-correlograms and cross-correlograms were analyzed using
Neuroexplorer (Nex Technologies, Lexington, MA, USA) and Matlab (Mathworks, Natick,
MA, USA) software. The degree of oscillation was quantified by an oscillatory index, which
was computed as the ratio of the amplitude of the first satellite peak to the offset of the auto-
correlogram (Konig, 1994). The strength of synchrony was quantified by a synchrony index,
which was computed as the ratio of the amplitude of the central peak to the offset of the cross-
correlogram (Konig, 1994). A change in activity was defined as an increase or decrease in
firing rate by mean baseline activity + two SEM, respectively. The effects of morphine on the
mean firing rates, oscillatory indexes, and synchrony indexes were analyzed by t-test, paired
t-test or one-way repeated-measures ANOVA. Data are presented as mean + S.E.M.

3.1. PGi neurons’ responses to acute morphine treatment

The effects of acute morphine treatment on PGi neurons’ spontaneous firing were examined
in 556 neurons from 23 rats. Of the 23 rats, 20 rats received i.c.v. morphine injection (26 nmol,
5ul) and 3 rats received i.v. morphine injection (2.5 mg/kg). The PGi neurons exhibited
heterogeneous responses to acute morphine treatment. Fig. 1 shows typical excitatory
responses (A and C) and inhibitory responses (B and D) of PGi neurons to acute morphine
treatment.

Of a total of 471 PGi neurons recorded from the 20 rats that received i.c.v. injection of a single
dose of morphine, 149 (32%) neurons exhibited an increase in firing rate (baseline: 1.74+0.23
spike/s; 10 min after morphine administration: 2.56+0.31 spike/s, paired t-test, P<0.000), 175
(37%) neurons exhibited a decrease in firing rate (baseline: 2.76+0.34 spike/s; after morphine
administration: 1.93+0.76 spike/s, P<0.000, paired t-test) and 147 neurons (31%) exhibited no
change in firing rate (baseline: 4.15+0.60 spike/s; after morphine administration: 4.09+0.48
spike/s, P>0.8, paired t-test). There was no significant difference between the baseline firing
rates of the excitatory neurons and the inhibitory neurons (P>0.05, t-test). However, the
baseline firing rate of the neurons that showed no significant response to morphine was
significantly higher than those exhibited responses to morphine (P=0.01, t-test).

A single dose of morphine injected through i.v. route produced similar effects. Of a total of 85
PGi neurons recorded from 3 rats, 52 (61%) neurons exhibited an increase in firing rate
(baseline: 2.30+0.24 spike/s; after morphine administration: 4.00+0.30 spike/s, P<0.000,
paired t-test), 19 (22%) neurons exhibited a decrease in firing rate (baseline: 1.68+0.37 spike/
s; after morphine administration: 1.35+0.32 spike/s, P<0.000, paired t-test), and 14 (17%)
neurons exhibited no response in firing rate (baseline: 4.0+£0.68 spike/s; after morphine
administration: 4.02+0.68 spike/s, P>0.3). These results indicated that the morphine-induced
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heterogeneous responses in the PGi were not due to an unexpected effect of morphine that was
injected by the i.c.v. route.

Opioid antagonist naltrexone was applied to 6 rats that received i.c.v. morphine injection and
the 3 rats that received i.v. morphine injection. Naltrexone was injected about 20 min after
morphine injection. The morphine-induced excitation or inhibition was reversed by
administration of naltrexone (Fig. 1A and 1B) but not saline vehicle (Fig. 1C and 1D). The
reversal effects of naltrexone are summarized in Fig. 1E (i.c.v. injection) and 1F (i.v. injection).
One-way repeated measures analysis of variance and Boferonii test showed significant
differences in mean firing rate before and after naltrexone injection.

Among the total of 556 PGi neurons, 13 neurons (2%) from 3 rats exhibited synchronized
oscillatory burst activities after acute morphine treatment. All but one (12/13) exhibited an
increase in mean firing rate after morphine injection. Fig. 2shows the auto-correlograms and
cross-correlograms of two simultaneously recorded PGi neurons. The regularity of the burst
activity of each neuron was assessed by auto-correlograms, which show distinctive satellite
peaks after morphine injection. The degree of synchrony between the pair of oscillatory PGi
neurons was assessed by cross-correlograms, which show a distinctive central peak indicating
synchronous activity after morphine injection (Fig. 2B). Auto-correlation analysis revealed
that 7.82+1.36% of the neuronal activity was deemed oscillatory after morphine injection,
compared to 0% of the activity before morphine (P <0.003, One-way repeated measures
analysis of variance and Boferonii test, n=13 neurons). The duration of the oscillatory cycle
was about 50-60 sec, which is similar to that observed in the LC (Zhu and Zhou, 2001). Cross-
correlation analysis revealed that all of the 13 neurons that exhibited oscillatory discharges
were synchronized with at least one other neuron. Ten to 20 min after morphine injection, 17.63
+2.06 % of the PGi neuronal activity was synchronous, compared to 7.36+0.96% before
morphine injection (P<0.001, One-way repeated measures analysis of variance and Boferonii
test, n=15 pairs). The morphine-induced synchronous burst activities were reversed by i.c.v
(50 nmol) or i.v. (5 mg/kg) injection of opioid antagonist naltrexone (Fig. 2A and 2B). The
oscillatory indexes were 0% after naltrexone (P<0.05, One-way repeated measures analysis of
variance and Boferonii test, n=13). The synchronous indexes were 4.95+0.17 % after
administration of naltrexone (P<0.005, One-way repeated measures analysis of variance and
Boferonii test, n=15 pairs).

3.2. Correlation between PGi neurons’ responses to acute morphine treatment and that to
chronic morphine treatments

The effects of both acute and chronic morphine treatments on PGi neurons’ activity were
studied in 6 rats. Before the induction of morphine tolerance/dependence, the responses of 147
PGi neurons to acute morphine treatment were recorded from 42 wires (i.e., sites). After chronic
morphine treatment, the responses of 154 PGi neurons from the same sites were recorded before
and after naltrexone injection (withdrawal). For each wire, up to 4 neurons were isolated. Since
the neurons isolated by a single wire usually exhibited the same type of response, their
responses were averaged to represent the response of the site (Table 1).

First, we examined whether PGi neurons developed tolerance to morphine after continuous
morphine infusion. Since the PGi neurons exhibited heterogeneous responses to acute
morphine treatment, we performed separate analysis for the sites that exhibited excitatory
response to acute morphine (excitatory sites) and the sites that exhibited inhibitory response
(inhibitory sites). We found that there were no significant differences in neurons’ baseline
firing rates before and after chronic morphine treatment for both the excitatory sites (1.86+0.29
spike/s before vs. 1.98+0.17 spike/s after, t-test, P=0.72, n=18) and the inhibitory sites (1.97
+0.33 spike/s before vs. 2.48+0.49 spike/s after, t-test, P=0.40, n=11), indicating that PGi
neurons developed tolerance to morphine after continuous morphine infusion.

Eur J Pharmacol. Author manuscript; available in PMC 2011 June 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhu and Zhou

Page 6

Second, we examined the effects of naltrexone-precipitated withdrawal on PGi neurons’
activity. We found that withdrawal from morphine also induced heterogeneous responses in
the PGi. Of the total of 42 sites, naltrexone injection induced a decrease in firing rate in 16
sites, an increase in firing rate in 12 sites and no significant changes in 14 sites.

Third, we compared the PGi neurons’ responses to acute morphine treatment and that during
the naltrexone-precipitated withdrawal. Among the 18 sites that exhibited excitatory response
to acute morphine, 12 of them (66.7%) exhibited a decrease in firing rate during the naltrexone-
precipitated withdrawal (1.94+0.21 spike/s before naltrexone vs. 1.42+0.20 spike/s after
naltrexone, P<0.0003, n=12 paired t-test). Among the 11 sites that exhibited inhibitory response
to acute morphine treatment, all of them showed an increase in firing rate during the withdrawal
(2.48+0.49 vs. 2.98+0.58 spike/s, P=0.002, n=11, paired t-test). For the 13 sites that exhibited
no change in firing rate to acute morphine treatment, 9 of them (69.2%) also exhibited no
change in firing rate during withdrawal (3.72+0.67 vs. 3.50+0.60 spike/s, P>0.05, n=9, paired
t-test). Regression analysis revealed quantitatively that the responses of PGi neurons to acute
morphine treatment were inversely correlated to that to naltrexone-precipitated withdrawal
(R=0.73, R2=0.53, P<0.0001, Fig. 3, black symbols). A slope of —0.45 indicates that chronic
morphine treatment induces an adaptive change in the PGi neurons that compensates about
45% of their responses to acute morphine treatment.

In the control group (n=8), saline vehicle was infused through osmotic mini pump for 3 days.
Of a total of 51 sites (wires) in the PGi, acute morphine treatment induced a decrease in firing
rate in 24 recording sites (47%), an increase in firing rate in 13 sites (25.5%) and no change in
firing rate in 14 sites (27.5%). After chronic saline infusion, naltrexone injection induced an
increase in firing rate in 1 site (2%), a decrease in firing rate in 8 sites (15.6%) and no change
in firing rate in 42 (82.4%) sites. Regression analysis showed that there was no significant
correlation between the responses of PGi neurons to acute morphine treatment and that to
naltrexone injection after chronic saline infusion (R=0.17, R2=0.03, P>0.2, Fig. 3, grey
symbols).

3.3. Distribution of morphine sensitive PGi neurons

At the end of recording session, a small positive current (20 pA, 10 sec) was passed through
a selected microwire to mark its location. The wire was selected based on the neurons’
responses to a single dose of morphine. Fig. 4 shows the distribution of 23 recording sites from
a total of 23 rats (11 excitatory, 8 inhibitory and 4 no effect). Each type of recording site seems
to distribute evenly through out the entire PGi.

4. Discussion

In this study, we employed a chronically implanted rat model and for the first time examined
the effects of acute and chronic morphine treatments on the same group of PGi neurons. First,
by studying a large population of PGi neurons, we confirmed that acute morphine treatment
induced heterogeneous responses in the PGi neurons. Both of the excitatory and inhibitory
effects involved opioid receptors. Second, on a site-by-site basis, PGi neurons developed
tolerance to morphine after continuous morphine infusion. Third, naltrexone-precipitated
withdrawal also induced heterogeneous responses in the PGi. On a site-by-site basis, the
responses of PGi neurons during withdrawal were inversely correlated to that to acute
morphine. Whereas the sites with acute excitatory responses exhibited inhibitory responses
during the withdrawal, the sites with acute inhibitory responses exhibited excitatory responses
during the withdrawal. This specific correlation between acute and chronic effects of morphine
suggests that adaptations in the PGi during the development of morphine dependence share
common neural mechanisms with the acute effect of morphine.
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4.1. Acute morphine effect on the PGi neurons

4.2. Chronic

Earlier studies employed single electrode that not only limited their sample size, but also might
bias their samples to certain types of PGi neurons. Inconsistent findings were reported:
excitation only (Satoh et al., 1979), inhibition only (Haghparast et al., 1998) or both (Saiepour
etal., 2001; Azami et al. 1981). Given the neurochemical heterogeneity and broad anatomical
distribution of PGi neurons, it is expected that PGi neurons exhibit heterogeneous responses
to acute morphine treatment. In order to characterize PGi heurons’ responses to acute morphine,
a large population of PGi neurons needs to be sampled throughout the nucleus. This objective
was very difficult to be achieved in the previous studies because only one neuron can be studied
from each animal with a single electrode. In the present study, we employed the multi-wire
recording technigue and were able to study the responses of a large number of PGi neurons
from each animal. A total of 556 PGi neurons were recorded. We confirmed the hypothesis
that acute morphine treatment induces heterogeneous responses in the PGi neurons. In majority
of animals, all the three types of responses were observed. Histology study revealed that each
type of neurons was evenly distributed throughout the PGi.

Our previous studies (Zhu and Zhou, 2001, 2005) showed that morphine did not simply
decrease the firing rate of neurons in the noradrenergic LC as previously believed, but that it
induced synchronous oscillatory burst activities in the LC. The morphine-induced long-lasting
synchronous oscillatory activity in the LC may be a neuronal signal that could induce synaptic
plasticity leading to opioid addiction (Zhu and Zhou 2003). In the present study, only a tiny
group of excitatory PGi neurons (~2%) exhibited synchronized burst activity. Thus, the PGi
inputs to the LC may not provide the neural signals that directly drive the oscillatory activity
in the LC. Nevertheless, the PGi inputs to the LC may contribute to the generation of the
morphine-induced oscillation and synchrony in the LC by providing a sustained excitatory
input. Consistent with this hypothesis, our previous study (Zhu and Zhou, 2005) showed that
the morphine-induced oscillation and synchrony were reversed by injection of excitatory amino
acid receptor antagonists.

Morphine may modulate PGi neuronal activity by both pre-synaptic and post-synaptic
mechanisms. Studies of presympathetic neurons of the rat rostral ventrolateral medulla have
demonstrated that p-opioid receptors were expressed in both the neurons and their synaptic
inputs (Aicher et al., 2001). In vitro recordings from neonatal rat brains demonstrated that
opioid agonists produce inhibitory effects on both the presympathetic neurons (post-synaptic
inhibition) and their GABAergic and glutamatergic inputs (pre-synaptic inhibition) (Hayar and
Guyenet, 1998). It is also possible that systemic administration of morphine affects PGi
neuronal activity by acting on opioid-sensitive neurons that project to PGi. Future studies are
needed to elucidate the specific mechanisms that produce the heterogeneous responses to acute
morphine treatment in the PGi.

morphine action in the PGi

It has been generally accepted that chronic administration of morphine induces adaptive
changes in the central nervous system that counter the effects of acute morphine treatment and
attempt to restore a normal equilibrium. The adaptations lead to tolerance, a reduction of
sensitivity or loss of responsiveness to opioid, and/or dependence, a state in which opioid drug
is required to maintain normal physiological function and to avoid a withdrawal syndrome.
The tolerance and physical dependence following chronic exposure to opioid have been
extensively investigated in the noradrenergic LC (for review see Nestler et al., 1994, Nestler
and Aghajanian, 1997; Zhu et al., 1998), a brain region that was thought to be relatively
homogeneous. However, it is very difficult to study tolerance and dependence in a
heterogeneous brain region such as PGi because it requires comparison of the acute and chronic
effects on the same group of neurons. In the present study, the chronically implanted rat model
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allowed us to study the effects of both acute and chronic morphine treatments on the activity
of PGi neurons recorded from the same site.

Tolerance to the inhibitory effect of morphine has been found in the noradrenergic LC neurons
after chronic morphine treatment (Aghajanian, 1978; Christie et al., 1987). The firing rate of
LC neurons was initially suppressed by morphine, but activity returned towards normal rates
by 48-72 hours of continuous morphine treatment. Several studies proposed that PGi neurons
also became tolerant to morphine (Haghparast et al., 1998; Saiepour et al., 2001) based on two
observations: 1) the averaged baseline firing rate of PGi neurons in chronically morphine-
treated rats was not significant different from that in opioid naive rats; 2) PGi neurons in the
morphine-dependent rats did not respond to a single morphine challenge. However, these
methods can not determine whether PGi neurons became tolerant because the effects of acute
and chronic morphine treatments on PGi neurons were studied on different groups of rats that
did not allow the comparison of the acute and chronic effects on the same group of neurons.
In the present study, the changes in PGi neuronal activity were examined in the same rats on
a site-by-site basis. After continuous morphine infusion, despite of the presence of high level
of morphine, the spontaneous firing rates of either the excitatory or the inhibitory PGi neurons
recovered toward the pre-morphine level, indicating that PGi neurons developed tolerance to
both excitatory and inhibitory effects of morphine treatment.

At behavioral level, the opiate-withdrawal symptoms are generally opposite to the
physiological responses observed after acute opioid administration. In the present study, on a
site-by-site basis, we demonstrated that during the naltrexone-precipitated withdrawal, PGi
neurons exhibited discharge changes that were opposite to that observed after acute treatment,
i.e., most of the ‘excitatory sites’ exhibited inhibitory responses and most of the “inhibitory
sites’ exhibited excitatory responses. Most of the non-response sites did not respond to
naltrexone. Since after 3 days of continuous morphine infusion, the PGi neurons developed
tolerance to acute effects of morphine, the naltrexone-induced changes in PGi activity could
not be due to a simple reversal of the effects of morphine that was present in the brain. Our
data not only revealed that the withdrawal-induced changes in PGi neuronal activity were
qualitatively opposite to the acute morphine actions, but also that the withdrawal-induced
changes were quantitatively correlated to that caused by acute morphine treatment. To the best
of our knowledge, this is the first time that a quantitative correlation between acute and chronic
effects of morphine treatment has been demonstrated in the same group of neurons in vivo. The
correlation suggested that the adaptation that was expressed during withdrawal from
continuous morphine exposure was proportional to the initial action of morphine, i.e., a PGi
neuron’s rebound during withdrawal can be predicted by its response to acute morphine. The
cellular events underlying the withdrawal-induced changes in PGi neuronal activity remain to
be elucidated.

The withdrawal-induced adaptive changes in PGi neuronal activity may play an important role
in the development and expression of dependence/withdrawal. Since endogenous opioid in the
PGi neurons have been implicated in modulation of autonomic activity and pain (Dampney et
al., 1982; Punnen et al., 1984; Sun et al., 1988; Ciriello et al., 1986; Akaike et al., 1978; Azami
et al., 1982; Satoh et al., 1979; Van Bockstaele and Aston-Jones, 1995), the changes in PGi
activity during withdrawal may account for certain physical and autonomic signs of withdrawal
syndrome as well as withdrawal-induced hyperalgesia. This is supported by behavioral studies
that demonstrated that direct stimulations of PGi in free moving rats induced behavioral signs
that were similar to those seen during opiate withdrawal (Liu et al., 1999; Rockhold et al.,
2000). The withdrawal-induced changes in PGi may also have significant influence on its target
sites. The PGi provides the major excitatory amino acid input to the noradrenergic LC (Aston-
Jones etal., 1986; Ennis and Aston-Jones, 1988; Ennis et al., 1992), which is strongly activated
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during opioid withdrawal in vivo (for review see Nestler, 1992). Future studies will further
examine these issues with the chronically implanted rat model.
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Fig.1.

Effects of asingle dose of morphine on PGi neuronal activities. (A—D) Histograms of excitatory
and inhibitory effects of a single dose of morphine on PGi neurons. Morphine was injected
i.c.v. at time 0. Naltrexone or saline vehicle was injected 20 min after morphine injection. (E
and F) Summary of the reversal effects of naltrexone on acute morphine-induced inhibition
and excitation of PGi neurons (E. i.c.v. injection, F. i.v. injection). Bars represent mean firing
rate of PGi neurons 10 min before morphine injection (baseline), 10-20 min after morphine
injection and 0-10 min after naltraxone injection, respectively. Error bars represent

*kk

S.E.M.
and Boferonii test).

P< 0.001, *"P<0.005, “P<0.05 (One-way repeated measures analysis of variance
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Fig. 2.

Effects of morphine on temporal relationship among PGi neurons’ activities. (A) and (B)
Histograms of spontaneous firing rates of 2 simultaneously recorded PGi neurons (Unit 1 and
Unit 2) before and after morphine and naltrexone injections. Morphine was injected at time 0
(26 nmol, i.c.v.). Naltrexone was injected 20 min after morphine administration. (C) Auto-
correlograms of the two PGi neurons before and after morphine and naltrexone injections. Note
the large satellite peaks after morphine and lack of satellite peaks after naltrexone. (D) Cross-
correlograms of the two neurons before and after morphine and naltrexone injections. Note the
large central peaks after morphine and lack of central peaks after naltrexone.
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Fig. 3.

Correlation between the responses of PGi neurons to a single dose of morphine and that during
the naltrexone-precipitated withdrawal from chronic morphine infusion (black circle, and black
line, R=0.73, R?=0.53, P<0.0001). In the control groups, there was no significant correlation
between the response of PGi neurons to a single dose of morphine and that to naltrexone after
chronic saline infusion (R = 0.17, R2 = 0.03, P>0.2, grey circles and grey line).
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Fig. 4.

Distribution of the recording sites in the PGi. The recording sites that exhibited inhibition,
excitation or no change to a single dose of morphine are indicated by squares, circles and
triangles, respectively. Figures are redrawn after Paxios and Watson (1998) and present as
cross-sections of the medulla. Abbreviations include PGi (nucleus paragigantocellularis), Gi
(gigantocellular reticular nucleus), RMg (raphe magnus nucleus), 7nu (facial nucleus), py
(pyramidal tract), RPa (raphe pallidus nucleus) and RVL (rostroventrolateral reticular nucleus).
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Tablel

Effects of acute and chronic morphine treatment on the spontaneous firing rates of PGi neurons

Pre-infusion After infusion(Tolerance /Dependence)

Baseline ~ Acute morphine  Baseline Withdrawal
Excitation site(18) 1.86+0.29 5 g7+0.572 1.98+0.17 1.42+0.20C
Inhibition site(11) 1.97+0.33 1 4140230 2.48+0.49 2.98+0.580
Non-response site(14) 5.45+1.17 5.40+1.16 3.51+0.51 3.19+0.49

Data are presented as mean + S.E.D (spike/s).

The responses of PGi neurons to acute and chronic morphine treatment were recorded from 42 wires from 6 rats.
‘Excitatory site’, i.e., the recording sites (wire) that showed excitatory response to acute morphine injection.

‘Inhibitory site’, i.e., the recording sites (wire) that showed inhibitory response to acute morphine injection.
‘Non-response site’, i.e., the recording sites (wire) that did not show no significant response to acute morphine injection.
Numbers in parentheses refer to the number of wires.

3p< 0.005,
bp<0.002,

CP<0.0005, compared to baseline values (paired t-test).
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